The interface states of all-metallic carbon nanotube quantum dots are studied based on a tight-binding approach and a Green's function matching technique. We have found that depending on the type of metallic tube, the energy of interface states may show an oscillatory behavior. We identify these as steamming from Friedel oscillations. We comment on the possible implications of this finding on other physical properties, such as stability during the growth of nanotube junctions and magnetic interaction through carbon nanotubes.
The interface states of all-metallic carbon nanotube quantum dots are studied based on a tight-binding approach and a Green's function matching technique. We have found that depending on the type of metallic tube, the energy of interface states may show an oscillatory behavior. We identify these as steamming from Friedel oscillations. We comment on the possible implications of this finding on other physical properties, such as stability during the growth of nanotube junctions and magnetic interaction through carbon nanotubes. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2988644͔ Recent technological advances in the production and processing of carbon nanotubes ͑CNTs͒ allow for the fabrication of electronic devices, such as diodes, 1,2 transistors, 3 and even an entirely CNT-based radio. 4 However, further progress depends on the ability to form junctions between different tubes. Quite recently, the controlled synthesis of several CNT intramolecular junctions by temperature changes during growth 5 was reported. This finding may allow for the controlled production of CNT quantum dots ͑QDs͒ and superlattices ͑SLs͒, providing more complex single-wall carbon tube nanoelectronic components. Notwithstanding the remarkable success in fabricating these junctions, the electronic structure of interface topological defects is not fully understood. [6] [7] [8] [9] [10] It is one of the main topics of this letter to study these defect-related states and their coupling through the metallic QD.
Quantum modulations are widely investigated for different nanostructures-atomic clusters, 11 nanowires, 12 layers, [13] [14] [15] [16] and multilayers. [17] [18] [19] [20] Much less effort has been devoted so far to the study of quantum oscillations in CNTs. Ferreira et al. 21 investigated local electronic properties of CNT heterojunctions, but the nature of Friedel oscillations in such systems has not been fully clarified. In this letter we intend to shed some light on the nature of such oscillations in CNTs by investigating QDs made of all-metallic tubes. We show that the coupling between interface states depends not only on the length of the QD, but also on the type of tube forming the QD. We find that in some cases the coupling has an oscillatory character for increasing QD length, identifying this feature as resulting from Friedel-like oscillations.
We have performed calculations in order to characterize the energy spectra of N͑12, 0͒ and N͑6,6͒ QDs. An N͑12, 0͒ QD is made by sandwiching N unit cells of a ͑12,0͒ tube between two semi-infinite ͑6,6͒ leads, whereas an N͑6,6͒ dot consists of N unit cells of a ͑6,6͒ tube between two ͑12,0͒ leads, as shown in the upper insets in Figs. 1͑a͒ and 1͑b͒ . The junctions between such tubes are made of six pairs of pentagon/heptagon defects. All calculations have been performed within the -electron tight-binding approximation. 22 We have recently shown 23 that this approximation yields the electronic structure of N͑12, 0͒ / M͑6,6͒ SLs around the Fermi energy E F : in good agreement with the results from first-principles calculations. In the investigated systems, localized states appear either due to confinement in the QD, i.e., quantization of some bands of the QD-forming tube, or due to the presence of pentagon-heptagon interface defects. 24 To account for the discrete energy levels of QD systems, we have calculated the local density of states using the Green's function matching method. 25 For a ring of pentagon-heptagon defects between two CNTs, the hybridization of p z orbitals yields charge accumulation at the interface. This may produce the appearance of defect states close to the E F . This charge is screened by charge density oscillations ͑Friedel oscillations͒ in the CNTs. The interface charge accumulation and density oscillations are also well seen in related systems, such as CNT SLs. The charge density Friedel oscillations have their counterpart in the interaction between a pair of charged impurities ͑see, e.g., Refs. 26-28͒. In such a case the oscillating charge densities overlap in the region between the interface defects, and because of the interference effects the interaction energy between two interface defects takes the same oscillatory dependence as in the single defect case. This interaction energy is also called Friedel-like. As the energy has a term that is the sum of eigenvalues, to look for Friedel oscillations we focus on the interface states, which, as defect states, give rise to these oscillations.
Since interface states are localized on both junctions, at opposite sides of the QD, one should expect that their energies get closer for increasing QD lengths, i.e., for increasing separation between interfaces. However, Fig. 1 tions increases with decreasing N. Below, the observed effect is explained based on the coupling of the dot-lead interface states via Friedel-like charge oscillations inside the QD.
In both kinds of QDs, the decay and oscillations of the energies of interface states should implicitly depend on the QD length d and on the Fermi wavevector k F of the metallic inner tube, which constitutes the dot. This explains the different behaviors of the two QD series: for the ͑12,0͒ nano-
Å is the length of the unit cell of any ͑n , n͒ nanotube. Therefore, the ͑12,0͒ QD series cannot show any oscillations in the coupling of interface states via the inner zigzag nanotube dot. In contrast, the coupling of interface states via the ͑6,6͒ QD could reveal some oscillations related to the nonzero value of the Fermi wavevector.
To study the observed oscillations and to find the decay rate for the energies of localized interface states, we focus on one of them, e.g., the lowest one, and we investigate its energy dependence versus the system size. Due to the decreasing amplitude of the oscillations for large distances, it is customary to focus on the second derivative of the magnitude of interest, where the oscillations are clearer. 15, 16, [29] [30] [31] [32] We have calculated the aforementioned derivative of the energy versus QD thickness ͑i.e., versus the number of unit cells, N͒ and have fitted the results to the function that governs Friedel-like oscillations,
where d is the QD length and ␦ 0 is a surface shift that accounts for the wavefunction spill out of the dot edges. In Fig.  1͑c͒ we show our results for the N͑6,6͒ dots plotted with a solid line. Our calculations are in excellent agreement with Eq. ͑1͒ ͑dotted lines in Fig. 1͒ . The damping factor ␣ can be directly extracted from the results for the N͑12, 0͒ QD presented in Fig. 1͑a͒ since in this case k F = 0, and there are no oscillations. Surprisingly, we find that the ␣ exponent is around 3.5, instead of the expected value for a one-dimensional system, which should be ␣ Ϸ 1. 33 Therefore, we have found that the coupling of the interface heptagon-pentagon defects in CNT dots of small diameter does not follow the damping of one-dimensional systems.
With the damping factor obtained for the interface states of the N͑12, 0͒ QD, we can proceed to study the oscillations of the interface levels of the N͑6,6͒ dot. The interference between the two characteristic lengths, unit cell size a = d / N and ͑2k F ͒ −1 , gives the impression of a longer periodicity, the so-called "aliasing" effect. We have fitted the oscillation period to 1.4 unit cells, very close to the theoretical value, 3 2 , obtained from k F = ͑2 / 3͒͑ / a͒. Hence, we conclude that the analytical expression ͓Eq. ͑1͔͒ due to Friedel oscillations gives a very good approximation to the coupling of interface states through metallic carbon tubes. We have checked that the same value is obtained for other ͑2n ,0͒ / N͑n , n͒ / ͑2n ,0͒ QDs.
These results can be generalized to other CNT systems. We have performed calculations for interface bands of M͑12, 0͒ / N͑6,6͒ SLs, finding that Eq. ͑1͒ is also valid, with a period of 1.53 unit cells, even closer to the theoretical value.
The appearance of Friedel-like oscillations in CNT-based systems is not restricted to interface energy levels. This oscillatory behavior, related to the Fermi wavevector of the metallic constituent, can be expected in other phenomena, which could be experimentally observed. Firstly, if a QD is formed using a nanotube with k F 0, the total energy of the system also oscillates with the dot size, so there should be a size selection in the growing process. The total energy minima are associated with the most stable sizes, as already observed in layer growth, 29, 30 wires, and clusters. 34 This will certainly give some sort of "magic numbers" also in CNT dot lengths.
Besides, we would like to remark that the Fermi surface nesting will also influence the magnetic coupling through some metallic nanotubes, as it happens in magnetic multilayers. 31, 32 If a certain amount of charge flows to the QD nanotube, 35 we expect to have a spin-polarized charge transfer with an oscillatory behavior. Therefore, further experimental work is encouraged in order to identify such oscillatory patterns.
Finally, as shown in Ref. 23 , the interface states of the ͑2n ,0͒ / ͑n , n͒ SL appear usually just below and above the Fermi level. Thus, the reported oscillatory changes of the separation energy between these states should also be seen in optical experiments.
In summary, we have found that dot-lead interface states in pure CNT systems may show Friedel-like oscillations in the energy of the interface states and the total energy of the system. Oscillations occur only when the QD-forming tube has k F 0; otherwise a monotonic behavior is observed. We expect this interaction to be important for the understanding of other physical properties and processes, such as selective dot growth and magnetic interaction of transition metal contacts through CNTs. 
